Abstract: Life cannot exist without water. Appropriate management of water, from the water's source to its utilization, is necessary to sustain life. Aquatic weeds pose a serious threat to aquatic environments and related eco-environments. Short-and long-term planning to control aquatic weeds is extremely important. Water hyacinth, Eichhornia crassipes (Mart.) Solms, is one of the world's worst pests with a bad reputation as an invasive weed. In this study we are seeking the possibility of using certain chemicals with a natural background, for controlling water hyacinth since there is a delicate balance that needs to be taken into account when using herbi-
Introduction
Water issue has become the focus of attention in the world today. Not surprisingly, a conflict over water and its sources is inevitably coming. The higher the aspirations of the countries in growth and prosperity the greater the need for water as a key element. Many countries are in a difficult position regarding water in their future. Searching for the alternatives and maintaining current resources has become a necessity. The Nile River is the primary source of water for Egypt and is considered as the lifeblood for all Egyptians. Today, more than ever, Egypt urgently needs to develop new programs for managing water.
Aquatic weeds are a great problem in many countries. No one can deny the problems associated with aquatic weeds. The aquatic weeds have an impact on the economic and social life of communities. Their effects on human health and the environment are particularly complex and difficult to manage (Charudattan 2001; Jayan and Sathyanathan 2012) . There are major differences between the problems caused by aquatic weeds and those caused by terrestrial plants in the different agro-ecosystems.
Aquatic plants cause water to be lost and work against the smooth flow of water, navigation, and the good management of water. Many impacts were recorded on increasing water table, affecting concrete facilities like bridges, harbour many of the harmful pests and interfere with hydroelectric systems. The recreational uses of aquatic resources are also disrupted. An important statement of the Egyptian Government, Ministry of Irrigation and Water Resources confirmed that evapotranspiration caused by aquatic weeds leads to a 40% loss of Egypt's share of water annually (Goldsmith and Hildyard 1984) . Kassas (1980) confirmed that water losses are 2, 3, or even 6 times higher in grass-covered reservoirs than they are in open waters.
Controlling aquatic weeds has a special position for the sensitivity of the place in which they grow. Charudattan (2001) acknowledged that the challenge is to control these weeds (1) in a cost-effective manner that society can afford, (2) with the most effective and safe methods available, (3) with minimal adverse side-effects, (4) with public acceptance of the control practices, and (5) in a sustainable manner that reduces recurrent costs and pro-motes environmental balance. Control practices include manual, mechanical, physical, chemical, and biological methods (Lancar and Krake 2002) . Mechanical methods are being practiced widely for the multiple advantages that they offer, including: utilization of available manpower resources, being eco-friendly, being target-specific, and providing speedy results. Mechanical application methods, however, need constant attention as re-growth can occur quickly (i.e., from submerged rootstocks) and can be widespread (Wells and Clayton 2005) . Mechanical/manual methods may be rather expensive (Chisholm 2006) . Biological control is a promising approach and considered one of the safest, economically sustainable, and long-term options in managing aquatic weeds. A good return is achieved when used in integration with other control techniques where biological agents can stress their host plants, making them more susceptible to other controlling forces. Biological control, however, involves some risk especially when introducing a nonnative organism to a new area. Herbicides provide effective and quick control of aquatic weeds. Herbicides are cheap and easy to use when compared with mechanical or biological methods. Chemical control with the use of herbicides is very restricted, though, because of the potential risks that may be associated with their use. Regardless of any controversy, herbicides are still the most popular and reliable technique for controlling aquatic weeds worldwide despite the fact that they have the disadvantage of polluting water and the surrounding media. In many countries, including Egypt, the use of herbicides is facing very harsh legislation because of the potential risks involved.
Because of the problems associated with herbicides and the objections to using them on water, there is a new developing interest regarding natural product-based herbicides. Natural products with potential herbicidal activity have had a long history of experimentation on terrestrial weeds, but little has been mentioned of their effects on aquatic weeds (Bhadoria 2001; Duke et al. 2002; Jabran et al. 2010; El-Shahawy and Abdelhamid 2013; Nekonam et al. 2014) . The US Patent Office has lately approved many patents with natural ingredients such as lemongrass oil, propionic acid, acetic acid, formic acid, fatty acids, essential oils, and monoterpenes, that can be used effectively in controlling weeds (Chase et al. 2004; Bickers et al. 2005; Wilson et al. 2007; Campbell et al. 2009; Fernandez et al. 2009; Koivunen and Marrone 2013) . The compositions containing organic acids act by influencing the cell membrane of the plants, causing a rapid breakdown/desiccation of foliage tissue upon contact (Smith-Fiola and Gill 2014) .
The water hyacinth, Eichhornia crassipes (Mart.) Solms, is one of the world's 100 worst invaders according to the IUCN's list (Lowe et al. 2000) , and an updated version by Luque et al. (2013) . It is a very fast-growing plant (AboulEnein et al. 2011) , with populations that can double their mass (under favorable conditions) every 7-10 days (Gorham 2008) . Eichhornia crassipes reproduces vegetatively and sexually. The former is more important for the plant's rapid expansion and colonization through the formation of stolons. Growth rate has been calculated in some countries to be an increase in biomass of 400-700 t per ha per day (Téllez et al. 2008) . Losing a huge quantity of water, impeding water-flow, and affecting the abundance of freshwater species including fish and submerged aquatic plants, are of the negative impacts of E. crassipes. Dense vegetation mats of E. crassipes affect water availability and obstruct aquatic navigation (Labrada 2003) . Environmentalists confirm that water hyacinth infestations in Africa have resulted in population migrations because people are unable to continue fishing (Babatunde and Oladimeji 2014) . Water hyacinth infestations in Africa have also resulted in an increase in various diseases such as malaria, as well as a reduced use of waterways for transport and recreation (Findlay and Jones 1996) . The water hyacinth costs Egypt approximately 5 billion cubic meters of water-loss annually. That amount would be enough water to cultivate more than half a million acres of farmland or to supply a city like Cairo (the capital) which has a population of near 20 million people (Kassas 1980) . Three basic techniques exist for the control of the water hyacinth: chemical, mechanical, and biological (Parolin et al. 2012) . Mechanical and manual removals are almost the only ways approved to control the water hyacinth in Egypt, even though they are largely ineffective. Throughout the world, great effort has been put into the control of the water hyacinth, with varying degrees of success (Ray et al. 2009; Stubbs and Kennedy 2012) .
In this study, we present a proposal for using acetic acid, citric acid, formic acid, and propionic acid as safe chemicals for controlling the water hyacinth; the most dangerous threat to aquatic ecosystems in Egypt.
Materials and Methods
An experiment was conducted under wire-house conditions to study the potential effect of certain chemicals (e.g., acetic acid, citric acid, formic acid, and propionic acid) at different concentrations (10, 15, 20%) for controlling water hyacinth using the herbicide glyphosate at a rate of 1.8 kg • ha -1 (Roundup containing 36% glyphosate in form of 480 g • l -1 isopropylamine salt, Monsanto Co.) and water as the controls. Acetic acid (99%), citric acid (anhydrous, PB 93, 99.5%), and formic acid (85%) were purchased from El Nasr Pharmaceutical Chemicals Co., AboZaabal, Egypt. Propionic acid (> 99.5%) was purchased from Sigma-Aldrich, Germany.
The plants were collected from clean, renewable freshwater of the Nile River at El-Behara Governorate, Damanhour, Egypt. The plants were prepared by removing the dead parts, suspended solids, and suspended organic matters. After carefully washing several times with tap water, the plants were put separately into plastic pots (30 cm height × 28 cm diameter; 4 plants • pot -1 ), each containing 18 l of freshwater and 20 g of Abo Qir Vermex fertilizer; a product of Abo Qir Fertilizers Company, Egypt, containing 22% N, 5% P, and 0% K. The treatments were replicated three times in a randomized complete design.
The plants were sprayed thoroughly (during the evening) with 200 ml of the different concentrations per treatment. The plants were monitored for 10 days. At the end of the 10 days, the fresh and dry weights (g • plant -1 ) were estimated. The dry weight was determined after drying at 70°C for 48 h.
Formic acid was examined in combination with acetic or propionic acid at ratios of 8 : 2, 6 : 4, and 2 : 8 as they were the most effective in suppressing water hyacinth growth. Three concentrations less than those previously examined (3, 5, 10%) were applied following the same procedure on the same number of the plants. The data on vegetative growth (fresh and dry weights) were also taken after 10 days.
To examine two different conditions of brightness and the absence of sunlight, the formic acid/propionic acid mixture (8 : 2; at 3%) was applied at noon and late in the afternoon under the same circumstances as those used when preparing the experiment and taking data.
A formic acid/propionic acid mixture (8 : 2; at 3%) was applied in the open field to be evaluated under natural conditions. Four replicates were used on an area 2 × 2 m/each. From each plot, one randomized point, measuring 70 × 70 cm was used to record the estimated fresh and dry weights (g).
All the data were statistically analyzed using ANOVA and the LSD test at 5% probability, to compare the means.
Results
The various compounds showed a high activity for suppressing water hyacinth growth when applied at the different examined concentrations (Table 1) . As expected the efficacy increased, as the concentration was increased from 10 to 20%. The high concentration (20%) was most effective compared to the low and medium concentrations (10% and 15%, respectively). The formic, and propionic acids gave the best control of water hyacinth, causing symptoms within 24 h, even when compared with glyphosate. Acetic acid controlled water hyacinth by 83-94%. Citric acid achieved a 41-65% reduction in comparison with the water spray. Propionic acid worked well, especially at the medium and high concentrations (15 and 20%, respectively); providing up to 100% control. Formic acid had a unique effect. An estimated 100% failure was recorded at all examined concentrations of this treatment (Table 1) . Overall, the efficiency of the individually used formic acid, propionic acid, citric acid, and acetic acid surpassed glyphosate, which did provide up to a 90% growth reduction over the water spray. Wilting progressing to yellowing and then browning occurred within 7-10 days of exposure to glyphosate, which is considered late compared to the results obtained by the different organic acids.
Use of formic acid in a mixture with propionic acid or acetic acid had a good impact in increasing water hyacinth control. All the combinations, irrespective of their concentrations, showed good activity (Table 2) . Overall, the formic acid/propionic acid mixtures were, to a certain extent, most effective. A distinct effect was noticed in this regard for the 8 : 2 mixture. Applying the formic acid/ propionic acid mixture (8 : 2) at a concentration of 10% caused the water hyacinth plants to die within 5 days. On the other hand, the 3% and 5% concentrations contributed to a decrease in biomass varying from 84 to 97% in comparison with the water spray. Formic acid/acetic acid mixtures also had a good impact especially at the high concentration (10%) of the 6 : 4 and 2 : 8 mixtures, and death occurred in 10 days. At the concentrations of 3% and 5%, formic acid/acetic acid mixtures recorded a 62-89% growth suppression. Visual follow-up that was made several hours after treatment showed rapid phytotoxicity to water hyacinth. The leaves turned light brown and there was a shrinking of the plant biomass particularly with the highly effective combination of treatments. The plants eventually died because of dehydration. Symptoms of phytotoxicity appeared in as short a time as 2 h. The effect of sunlight on increasing the herbicidal efficiency of the formic acid/propionic acid mixture (8 : 2) applied at the 3% concentration was quite obvious. Treatment under bright sunlight resulted in inhibiting water hyacinth by up to 89%, vs. 71% in the absence of sunlight (Table 3) . Symptoms occurred faster in bright sunlight. The effects appeared within 30 min of application under bright sunlight, while the effects took longer (2 h) in the absence of sunlight.
Applying the formic acid/propionic acid mixture (8 : 2; at 3%) in the open field provided good activity and did not differ greatly from the results obtained under wire--house conditions (Table 4 ). The treatment significantly suppressed fresh weight by 61% and dry weight by 52%, as compared with the water spray. The response appeared late compared to the results obtained under wire--house conditions. Symptoms of phytotoxicity appeared within 3-5 h.
Discussion
Acetic acid (the mother component in vinegar), citric acid (the acid of citrus fruits), formic acid (the active ingredient in ant venom), and porpionic acid (a naturally occurring carboxylic acid with physical proprieties in-between those of the smaller carboxylic acids, formic, and acetic acids and the larger fatty acids) have been well documented as safe, effective, and cheap herbicides for controlling terrestrial weeds (Frederickson et al. 2005; Abouziena et al. 2009; Ivany 2010; Smith-Fiola and Gill 2014) . However little is mentioned about their influence as aquatic herbicides (Anderson 2007) . The water hyacinth is one of the most damaging pest-plants in the world. In our present study, the use of the acids: acetic, citric, formic, porpionic showed good activity in controlling water hyacinth, even if compared with the use of glyphosate. Glyphosate is the world's most heavily used weed killer (Smith-Fiola and Gill 2014). The herbicidal activity was concentrationdependent. The chemicals had a burning effect on the plants. The effects appeared clearly within hours of the treatment, which supports the action of the chemicals as contact herbicides. They caused foliage to brown within 3-5 h, followed by death as an eventual result. Our interpretations are consistent with those of researchers who suggested that the mechanism of action of such chemicals is similar to that of paraquat and diquat herbicides since the chemicals cause rapid dissolution of cell membrane integrity resulting in desiccation of foliar tissues, and ultimately plant death (Murphy 1999; Owen 2002; Anonymous 2013) .
Using a formic acid/propionic acid mixture or a formic acid/acetic acid mixture at different concentrations acted more effectively. Our target when using these mixtures was to improve the efficiency by reducing the applied doses since such a reduction would minimize pollution and reduce costs. This result was largely achieved. Formic acid/propionic acid mixtures seemed to work well compared to formic acid/acetic acid mixtures, especially at the ratio of 8 : 2 and at a concentration of 10%. Even though a great influence was noted at the high concentration (10%) of the formic acid/acetic acid mixtures, the formic acid/propionic acid mixtures remained the best in terms of efficiency and speed of activity at all the examined concentrations. Using these chemicals in mixtures as a tool for increasing potential herbicidal activity has been discussed by several researchers (Wilson et al. 2007; Fernandez et al. 2009; Koivunen and Marrone 2013) .
It is pretty obvious that bright sunlight, unlike a lower amount of sunlight, had a good impact in increasing the efficiency of formic acid/propionic acid mixture (8 : 2) applied at a concentration of 3%. Formic and propionic acids are classified as weak acids. These acids primarily function as contact herbicides. Most contact herbicides rely on light reactions inside the plant cells to cause an effect (Summers 1980; Bus and Gibson 1984; Lance and Gibson 2004) . Application made when there is less sunlight, often limits the activity of contact herbicides. Interfering with one or more of the main biological processes inside the plant is not necessarily the main mode of action of formic acid or propionic acid or any other compound examined in this study. The corrosive or burning effect on living tissues including green vegetation is ascribed mainly to their acidic nature, and strong dehydrating properties. Chemically, these compounds are capable of destroying cell membrane integrity via amide hydrolysis and ester hydrolysis (Wikipedia 2014). The initiation of endogenous reactions following destruction is possible since cell integrity was lost. On cell membrane disruption, a general mixing of cell contents results in fairly widespread enzymic and nonenzymic chemical reactions (Romero-Sierra and Webb 1981) .
Some variations were observed between the results obtained under field conditions and those obtained under wire-house conditions concerning the application of the formic acid/propionic acid mixture at the ratio of (8 : 2) and at a concentration of 3%. Application under wire--house conditions was most effective. There are many biotic and abiotic factors that could interfere with the action of these chemicals under field conditions and this may explain the decline in activity and the delay in response compared to the results obtained under wire-house conditions.
In conclusion such chemicals could be promising for controlling water hyacinth. These chemicals rapidly degrade in the environment to carbon dioxide and water. In terms of safety, they are perceived as environmentallyfriendly products. For maximum results good spray coverage (to runoff) especially in bright sunlight, is necessary.
